. Expression in E. coli GI698 of Recombinant Scinderin and Its Binding to Actin (A) We used 50 g of protein per well for the SDS-PAGE. Lanes 1 and 2 contain proteins from E. coli GI698 transfected with recombinant vector pTrxFus incubated in the absence (lane 1) or presence (lane 2) of tryptophan. (B) The presence of a 96 kDa TRX-scinderin fusion protein in lane 2 is suggested by the cross-reactivity of this protein with an antibody against native scinderin as shown in the Western blot (lane 2Ј). Aliquots of lysates of preparations shown in lanes 1 and 2 of (A) were applied in presence of Ca 2ϩ to actinDNase I-Sepharose 4B affinity columns. These were eluted with Ca 2ϩ -free buffer (EGTA), and collected fractions were subjected to SDS-PAGE. Lanes 3 and 4 in (A) correspond to aliquots from protein preparations shown in lanes 1 and 2, respectively. Only the 96 kDa TRX-scinderin fusion protein depicted in lane 4 was retained by the affinity column. This protein cross-reacted with a scinderin antibody as shown in the Western blot (B, lane 4Ј).
(C) Lane 1 shows an SDS-PAGE pattern of 50 g of proteins from E. coli GI698 transfected with vector pTrxFus carrying an insert of truncated scinderin DNA. After incubation with tryptophan, the presence of a 64 kDa TRX-truncated scinderin fusion protein in lane 1 is suggested by the cross-reactivity of this protein with the scinderin antibody as shown in the Western blot (lane 1Ј).
Effect of Recombinant Scinderin
Effect of Scinderin Actin-Binding Peptides and of ␥-Actin on Ca 2؉ -Evoked Exocytosis on Ca 2؉ -Induced Exocytosis Permeabilized cells are useful preparations to study se-
The potentiation of Ca 2ϩ -evoked [ 3 H]NA by recombinant scinderin seems to be due to an increased F-actin-sevcretory events distal to receptor and channel activation. Therefore, digitonin-permeabilized chromaffin cells preering activity of scinderin, since the ability of scinderin to increase release was inhibited in the presence of viously loaded with [ Figure 4A ). Figure 4B shows the inhibition of scinderin-potentiating effects on tions, Ca 2ϩ evoked [ 3 H]NA release augmented with the increase in the concentration of scinderin in the medium release by 10 M Sc-ABP 1 (AAAIFTVQMDDYL; p < 0.001; n ϭ 18), 10 M Sc-ABP 2 (RLLHVKGPR; p < 0.001; n ϭ (p < 0.01; n ϭ 15; Figure 2A ). At the concentration of 0.1 M recombinant scinderin, the Ca 2ϩ -induced [ 3 H]NA 17), or 10 M chicken gizzard ␥-actin (p < 0.001; n ϭ 18). Moreover, when 5 M Sc-ABP1 and 5 M Sc-ABP2 output leveled off and no further increase in release was observed with increasing recombinant scinderin were present together in the incubation medium (10 M peptide final concentration), not only the potentiating concentrations ( Figure 2A ). The rate of basal [ 3 H]NA release from digitonin-permeabilized cells was 0.80% Ϯ effect of scinderin on release was blocked (p < 0.001; n ϭ 19), but this inhibition of release was larger than 0.07%/min (n ϭ 11). As expected, and because basal release was measured in the absence of Ca 2ϩ in the that produced by either peptide alone (p < 0.05; n ϭ 12). In addition, the release response was 50% smaller medium, the [ 3 H]NA output under these conditions was not modified in the presence of scinderin (0.78% Ϯ than when induced by Ca 2ϩ in the absence of scinderin ( Figure 4B ). This observation suggests that blocking 0.05%/min; n ϭ 11).
The response to 0.1 M recombinant scinderin was both scinderin-binding sites of actin simultaneously produced a more effective inhibition of scinderin activity. then tested in the presence of increasing Ca 2ϩ concentrations. Under these conditions, 0.1 M recombinant
The presence of 10 M bovine serine albumin or 10 M scrambled (SCR) peptide (YAALMFDIDATQV) in the scinderin increased the response to Ca 2ϩ , especially at Ca 2ϩ concentrations of 1 M (p < 0.01; n ϭ 11) and above incubation media did not modify Ca Figure 2B ). Examination of the concentration-response curves obtained under these conditions suggests that nant scinderin (Figures 3 and 4B ). SCR amino acid sequence is a mismatch of sequence corresponding to scinderin treatment does not significantly increase the sensitivity of the exocytotic machinery to Ca 2ϩ (p > 0.1; Sc-ABP1. Another scrambled peptide (LVRGKRRLH) constructed, this time, on the basis of the sequence of n ϭ 13; at 0.25 M Ca 2ϩ ), but it increases the maximum response to the cation.
peptide Sc-ABP 2 also produced similar results (data not shown) to those obtained with SCR. Figure 4A ). Tr-Sc (amino acid 254-715), when used at the same concentrations (0.1 combinant scinderin (Figure 3) . Moreover, in the absence of recombinant scinderin, exogenous ␥-actin (p < 0.01; n ϭ 16 and p < 0.001; n ϭ 16 for 25 and 50 M actin, respectively), Sc-ABP 1 (p < 0.001; n ϭ 15), and Sc-ABP2 (p < 0.02; n ϭ 15), but not SCR, also produced a concentration-dependent inhibition of Ca 2ϩ -evoked release of [ 3 H]NA ( Figure 5 ), thus suggesting inhibition of endogenous scinderin activity. It should be understood that Sc-ABP1 and Sc-ABP2 bind to actin (the substrate) and not to scinderin and, to be effective inhibitors, the peptides should be present at relatively large concentrations (micromolar range) owing to the fact that actin is an abundant protein (5%-10% of total protein) in chromaffin cells. lates the severing activity of scinderin (Rodríguez Del (B) Conditions were similar to those described in (A), except that Marcu et al., 1994 (Figure 6 ). The inhibitory ( Figure 4B ). effect was due to the blockade of PIP 2 binding to scinderin as suggested by the results obtained with PIP 2 liposomes ( Figure 6B ). In these experiments, recombinant scinderin was incubated with PIP 2 liposomes in the presence or in the absence of Sc-PIP 2 BP. Liposomes were then collected by centrifugation and SDS-PAGE, and Figure 6A ). Sc-PIP 2 BP has a sequence corresponding to the PIP 2 -binding site pres7AaЈЈ. It has also been demonstrated that stimulation of intact chromaffin cells with either 10 Ϫ5 M nicotine or ent in domain S 1 of scinderin (see Figure 4A ). Sc-PIP 2 BP depolarization with 56 mM K ϩ induced the disruption of the cortical fluorescent ring (Cheek and Burgoyne, 1986; Trifaró et al., 1989; Vitale et al., 1991) . Because phalloidin is a probe for F-actin, the disappearance of rhodamine fluorescence indicates disassembly of actin filaments at specific subplasmalemmal areas (Vitale et al., 1991) . Incubation of digitonin-permeabilized chromaffin cells with 10 M Ca 2ϩ also induces disruption of the cortical fluorescent ring (Figures 7Ab and 7AbЈ ). The image analysis of the discontinuous fluorescent profiles shows characteristic peaks and valleys ( Figure 7AbЈЈ ). The peaks had similar intensities as the continuous cortical fluorescent profiles observed in control cells, suggesting the absence of F-actin disassembly in the peak areas. The valleys corresponded to decreases in the normal fluorescence intensity of the cortical rhodamine staining, indicating areas of lower F-actin concentration as a result of filament disassembly. A quantitation of cortical F-actin disassembly under different conditions is shown in Figure 7B . In the presence of 10 M Ca 2ϩ in the medium, there was a significant increase (p < 0.001; n ϭ 13) in the number of chromaffin cells displaying a disrupted cortical fluorescent ring (F-actin disassembly). The number of cells showing F-actin disassembly was even greater when 0.1 M recombinant scinderin was present in the medium (p < 0.001; n ϭ 12; Figure 7B ). The potentiating effect of recombinant scinderin was unchanged by 10 M SCR, but was inhibited by 10 M Sc-ABP 1 (p < 0.05; n ϭ 13; Figure 7B ). Sc-ABP 1 not only blocked the effect of recombinant scinderin, but it also partially inhibited the response to 10 M Ca 2ϩ in the absence of recombinant scinderin ( Figure 7B ), thus suggesting inhibition of endogenous scinderin activity. Moreover, similarly to its effects on Ca 2ϩ -evoked exocytosis, PIP 2 inhibited the increase in F-actin disassembly induced by recombinant scinderin. This inhibitory response was blocked by Sc-PIP 2 BP, the peptide with a sequence corresponding to the PIP2-binding site of scinderin ( Figure 7B ). Figure 4A . When indicated, Burgoyne, 1986; Sontag et al., 1988 1984 Burgoyne, 1986, 1987) . This inter-(B) PIP2 liposomes were prepared as described in Experimental pretation is based on the following evidence: cytochemi- F-actin network is visualized as a strong cortical fluoresand pellets (P) were subjected to SDS-PAGE followed by Western cent ring (Lee and Trifaró , 1981; blotting with a scinderin antibody. When recombinant scinderin was Sontag et al., 1988; Trifaró et al., 1989) .
Discussion
incubated in the absence of liposomes, the protein was recovered in
Chromaffin cell stimulation produces a fragmentation of the supernatant (column 1, S), whereas in the presence of liposomes, the fluorescent ring, leaving cortical areas devoid of scinderin was recovered mainly with the pellets (column 2, P). It is fluorescence Burgoyne, 1986, 1987 crease in G-actin as evaluated by the DNase I inhibition assay (Cheek and Burgoyne, 1986; Trifaró et al., 1989) .
F-actin disassembly and shows fluorescence patterns similar to those obtained with intact cells upon stimula-F-actin network disassembly has also been observed in depolarized synaptosomes (Bernstein and Bamburg, tion by either nicotine or a depolarizing concentration of K ϩ . These results indicate that the cortical F-actin 1985). More recently, it has been shown that the cortical actin network is not only a barrier to secretion, but that network dynamics are preserved by the digitonin treatment. it also controls the access of chromaffin vesicles to the subplasmalemmal area (release-ready vesicle pool) and,
The dynamic changes in the F-actin network observed during exocytosis are the results of activation of F-actinconsequently, the initial rate of exocytosis (Vitale et al., 1995) .
severing proteins. The existence in chromaffin cells of Ca 2ϩ -dependent actin-binding proteins, such as gelsolin Permeabilization of chromaffin cells with digitonin has proved to be a suitable method to study intracellular and scinderin (Trifaró et al., 1985; Bader et al., 1986; Rodríguez Del Castillo et al., 1990; Vitale et al., 1991) , factors involved in exocytosis (Dunn and Holz, 1983; Wilson and Kirshner, 1983) . Digitonin permeabilization suggests a role for these proteins in the reorganization of cortical actin filaments brought about by cell stimuladid not affect the integrity of cortical F-actin networks, since fluorescence microscopy and image analysis tion. Gelsolin is a widely distributed Ca 2ϩ -dependent actin filament capping and severing protein (Yin and showed a similar pattern of F-actin fluorescence for intact and digitonin-treated cells (Figures 7AaЈ and Stossel, 1979; Yin et al., 1981; Stossel et al., 1985) . On the other hand, scinderin, also a Ca 2ϩ -dependent actin 7AaЈЈ). Moreover, stimulation of permeabilized cells by raising the concentration of Ca 2ϩ in the medium triggers filament protein that we describe in chromaffin cells, is expressed only in tissues with high secretory activity release in the absence of recombinant scinderin, thus suggesting the involvement of endogenous scinderin-(Rodríguez Del Castillo et al., 1990; Tchakarov et al., 1990) . Nicotine receptor stimulation or K ϩ -evoked depoinduced F-actin disassembly in exocytosis. The inhibitory effects of Sc-ABP1 and/or Sc-ABP2 were observed larization of chromaffin cells induces simultaneously cortical F-actin disassembly and redistribution of subat micromolar concentrations. These concentrations were necessary since the peptides bind to actin (the plasmalemmal scinderin (Vitale et al., 1991 (Vitale et al., 1991) . The distribution of gelsolin, on the other hand, is not affected by either nicotine receptor pH-dependent manner (Rodríguez Del Castillo et al., 1992) . The two PIP2-binding sites of scinderin show the stimulation or K ϩ -evoked depolarization (Vitale et al., 1991) . The above observations suggest that cell stimulaconsensus sequence R(X)XXXKXRR, typical of PIP2 binding sites of phospholipase C (Marcu et al., 1994) . tion and Ca 2ϩ entry bring about activation of scinderin with a consequent disassembly of cortical actin filament Moreover, and most important, one of the PIP 2 -binding sites of scinderin overlaps with its second actin-binding networks. This suggestion is strengthened by the experiments with recombinant scinderin described here. The site (Marcu et al., 1994) . This would explain, at least in part, the inhibitory effect of PIP 2 on scinderin F-actinscinderin gene has been recently cloned (Marcu et al., 1994) , and nucleotide and amino acid sequence analysis severing activity (Maekawa and Sakai, 1990 ) and the inhibition of the recombinant scinderin effects on reindicates that scinderin has six domains ( Figure 4A ), each containing three internal sequence motifs and, at lease presented here. The results also show that Sc-PIP 2 BP, a scinderin-derived PIP 2 -binding peptide, was least, two actin and two PIP 2 -binding sites are present in the protein (Marcu et al., 1994) . able to block both the binding of PIP2 liposomes to scinderin and the PIP2 inhibition of scinderin effects. In this paper, we describe the preparation of recombinant scinderin and show that this protein potentiates These observations strongly suggest that the effects of PIP2 on F-actin disassembly and Ca 2ϩ -induced exoCa 2ϩ -evoked exocytosis in digitonin-permeabilized chromaffin cells. When tested at different Ca 2ϩ concencytosis are mediated through the interaction between the intact phospholipid molecule and scinderin. Moretrations, recombinant scinderin did not increase the affinity of the elements of the exocytotic machinery for over, because in the presence of 10 M Ca 2ϩ scinderin has greater affinity for actin than PIP 2 (Rodríguez Del Ca 2ϩ , but it increased the maximal response to Ca 2ϩ , thus suggesting an increase in the number of secretory , it was necessary to preincubate the permeabilized chromaffin cells with recombinant vesicles available for release. Concomitantly with the potentiation of release, recombinant scinderin inscinderin and PIP 2 in a Ca 2ϩ -free medium before stimulation to observe the PIP 2 inhibition upon a Ca 2ϩ challenge. creased the number of cells displaying F-actin cortical disassembly (Figure 7) , suggesting that the potentiation The PIP 2 inhibitory effects are not due to the activation of a specific PIP2 transduction pathway. On the contrary, of release by scinderin was due to the removal of the F-actin barrier allowing at the same time the translocathe fact that plasma membrane PIP2 binds scinderin under resting (low Ca 2ϩ levels) conditions (Rodríguez Del tion of chromaffin vesicles to release sites. On the other hand, recombinant truncated scinderin (scinderin254-715), together with the inhibitory modulatory effect of the phospholipid on scinderin F-actin-seva fusion protein devoid of active actin-binding sites, failed to either induce F-actin disassembly or potentiering activity (Maekawa and Sakai, 1990) would suggest that activation of phospholipase C-PIP 2 pathway might ate Ca 2ϩ -evoked exocytosis. Recombinant scinderininduced disassembly of cortical F-actin is also indicated release scinderin from binding sites and remove its inhibition by PIP 2 . by the inhibition of this scinderin effect in the presence of peptides Sc-ABP 1 and Sc-ABP 2 , two scinderin-derived
In conclusion, the present results strongly indicate a actin-binding peptides with sequences corresponding role for scinderin in the exocytotic machinery. The conto two active actin-binding sites of scinderin. These peptrol of the dynamics of cortical F-actin networks by tides also block the potentiation by recombinant scindscinderin in a Ca 2ϩ -dependent manner will determine erin of Ca 2ϩ -evoked exocytosis ( Figure 4B ). The inhibithe availability of secretory vesicles for release. The fact tion of scinderin activity was more effective when both that scinderin is present only in tissues with high secrepeptides were present, thus suggesting the importance tory activity will also suggest a general and key role for of blocking both scinderin-binding sites of actin simultascinderin in secretion. neously. Moreover, when exogenous chicken gizzard ␥-actin was present in the incubation medium, the po-
Experimental Procedures
tentiation effect on release of recombinant scinderin was also blocked. This was due to the fact that chicken Chromaffin Cell Culture gizzard ␥-actin competed with endogenous chromaffin Bovine adrenal glands were obtained from a local slaughterhouse, cell actin for recombinant scinderin. Sc-ABP 1 , Sc-ABP 2 , and chromaffin cells were isolated by collagenase digestion and further purified using a Percoll gradient (Trifaró and Lee, 1980). Cells and chicken gizzard ␥-actin also inhibit Ca 2ϩ -evoked were plated according to the specific study to be performed and and the results recorded were the codes revealed to identify the experimental conditions used (single-blind design). grown at 37ЊC in a humidified incubator under CO2-air atmosphere for 48-72 hr.
Video-Enhanced Image Processing Chromaffin Cell Permeabilization and Catecholamine Release
Quantitative analysis of cortical rhodamine fluorescence (F-actin) Chromaffin cells plated on collagen-coated plastic 24 multiwell was performed by using a Hamamatsu Photonic KK Argus-50/CL dishes at a density of 5 ϫ 10 5 cells per well were cultured for 48-72 Image Processor (Hamamatsu Photonic Systems, Bridgewater, NJ) hr. Experiments were started by rinsing the wells three times with as described elsewhere (Vitale et al., 1995) . 0.5 ml of amino acid-free DMEM containing 10% fetal calf serum (Kenigsberg and Trifaró , 1980) . Chromaffin cells were then incubated Preparation of Recombinant Scinderins in the same medium containing this time 10 Ϫ7 M [ 3 H]NA (specific The TRX Thio-Fusion System (Invitrogen, San Diego, CA) was used activity 43.7 Ci/mmol) at room temperature for 5 min. After this for the expression and purification of the fusion proteins. Scinderin labeling step, cells were incubated with six changes of 0.5 ml of cDNA was subcloned in expression vector pTrxFus using SmaI reregular Locke's solution (154 mM NaCl, 2.6 mM KCl, 1.25 mM striction site (blunt ends) of the vector and SmaI and NotI (Klenow K 2HPO4, 0.5 mM KH2PO4, 1.2 mM MgCl2, 2.2 mM CaCl2, 10 mM filled in) of scinderin cDNA previously cloned in pGEX 4T2 (Pharglucose, at pH 7.2) over a 60 min period. Finally, cells were washed macia, Uppsala, Sweden). Recombinant plasmids were then once with Ca 2ϩ -free Locke's solution and permeabilized by treattransfected into the host E. coli GI698. Transformed E. coli were ment for 5 min with 20 M digitonin in K ϩ -glutamate buffer (129 mM grown overnight at 29ЊC in 100 ml of Rich Medium (Invitrogen, San K ϩ -glutamate, 5 mM EGTA, 3 mM MgCl2, 2 mM ATP, 20 mM PIPES, Diego, CA) containing 100 g of ampicillin/ml. The culture was diat pH 6.6). Following permeabilization, media were removed and luted ten times with induction medium and grown for 4 hr before catecholamine secretion was determined by incubating the cells induction with tryptophan (100 g/ml; final concentration). After a with 250 l of K ϩ -glutamate buffer for 2 min in the absence (basal) 2 hr incubation at 29ЊC, the OD550 was measured and cells were or in the presence of Ca 2ϩ (stimulated , the cells were resuspended to an mined by treating the cells with 250 l of 10% trichloroacetic acid OD550 of 5, incubated for 10 min on ice, and centrifuged at 10,000 (TCA) for 10 min followed by two washes with 250 l of 6% TCA; ϫ g for 10 min. The supernatant was decanted, and the cell sediment the three aliquots were combined. Total free buffer A containing 10 mM EGTA). The preparation was dialyzed against distilled water then lyophilized. Purified TRX was prepared Fluorescence Microscopy using expression vector pTrx (Invitrogen). This plasmid encoding Chromaffin cells were plated on collagen-coated coverslips conwild-type TRX was transfected into E. coli GI698. Transformed E. coli tained within plastic petri dishes as a density of 3 ϫ 10 5 cells per GI168 was processed to obtain "shock fluid" as described above. 35 mm dish. Cultured cells were rinsed with Locke's solution and Truncated scinderin (Tr-Sc), consisting of the last four domains (S3, then they were permeabilized by treatment with 20 M digitonin in S4, S5, and S6) starting at amino acid 254 (valine), was obtained by K ϩ -glutamate buffer for 5 min at room temperature. Cells were then PCR. Vent R DNA polymerase (New England Biolabs, Beverly, MA), incubated for 2 min with K ϩ -glutamate buffer in the absence (control) Ultrapure dNTP set (Pharmacia), and two specifically designed primor presence (stimulated) of Ca 2ϩ and different compounds as deers carrying exogenous sequences of restriction enzymes BamHI scribed in the figure legends. Following these incubations, chromaf-(for 5Ј end of Tr-Sc) and SalI (for 3Ј end of Tr-Sc) were used to fin cells were fixed in 3.7% formaldehyde and processed for fluoresamplify the desired sequence of scinderin, which was further purified cence microscopy as described previously (Lee and Trifaró , 1981) .
and cloned in the same vector, pTrxFus. Transformed E. coli GI698 Cells were permeabilized with acetone, washed with phosphatewere grown and harvested as described for full-length scinderin. buffered saline (PBS) (130 mM NaCl, 100 mM Na-phosphate, at pH
The protein was purified by osmotic shock, dialyzed, and lyophilized 7.0), and incubated for 60 min at room temperature with a blocking as indicated above. solution consisting of 1% bovine serum albumin in PBS. Chromaffin cells were stained for F-actin with rhodamine-phalloidin (0.25 U/ml; Preparation of Scinderin-Derived Peptides Molecular Probes, Eugene, OR) for 40 min in the dark at room temPeptides with sequence corresponding to actin-binding (Sc-ABP1 perature. Finally, coverslips were rinsed with PBS and mounted and Sc-ABP 2) and PIP2-binding (Sc-PIP2BP) sites of scinderin were in glycerol-PBS (1:1). Slides were observed with a Leitz Ortholux prepared by solid-phased peptide synthesis (Merryfield, 1963) , the fluorescence microscope equipped with a 100 W high pressure lamp sequence checked by Edman chemistry in a gas-liquid solid phase and a Ploemopack II incident light illuminator (Vitale et al., 1991) .
peptide sequenator (Henvick et al., 1981) , and their purity deterPhotographs were taken with Kodak-Tri-X pan films (400 ASA). To mined by mass spectroscopy (Edmonds and Smith, 1990) . study the effect of several treatments on the percentage of cells showing cortical F-actin disassembly, 100 single-rounded chromafSource of Antibodies fin cells per coverslip (usually eight coverslips per experimental Polyclonal antibodies were raised in rabbits against purified bovine condition) were examined. Each cell was classified as having either scinderin (Rodríguez Del Castillo et al., 1990) . a "continuous" or "discontinuous" cortical rhodamine (F-actin) fluorescent ring. The percentage of chromaffin cells showing cortical F-actin disassembly (discontinous rhodamine fluorescent ring) was Electrophoresis All protein samples were analyzed by SDS-PAGE and immunoblotcalculated for each experimental condition. To avoid personal bias, code numbers were given to each coverslip. The cells were examting using an antibody against native scinderin (Rodríguez Del Castillo et al., 1990) . Monodimensional SDS-PAGE was performed acined and classified without knowing whether they were from control or treated preparations. Only after all coverslips were examined cording to Doucet and Trifaró (1988). Maekawa, S., and Sakai, S. (1990) . Inhibition of actin regulatory activity of the 74 kDa protein from bovine adrenal medulla (Adsev-PIP 2 (sodium salt, Sigma) was dissolved in Tris-HCl buffer (20 mM Tris-HCl, 100 mM NaCl, 2 mM MgCl 2, 1 mM DDT, 1 mM PMSF, 5 erin) by some phospholipid. 
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